. Tubular cell-enriched subpopulation of primary renal cells improves survival and augments kidney function in rodent model of chronic kidney disease. Am J Physiol Renal Physiol 299: F1026 -F1039, 2010. First published September 8, 2010 doi:10.1152/ajprenal.00221.2010.-Established chronic kidney disease (CKD) may be identified by severely impaired renal filtration that ultimately leads to the need for dialysis or kidney transplant. Dialysis addresses only some of the sequelae of CKD, and a significant gap persists between patients needing transplant and available organs, providing impetus for development of new CKD treatment modalities. Some postulate that CKD develops from a progressive imbalance between tissue damage and the kidney's intrinsic repair and regeneration processes. In this study we evaluated the effect of kidney cells, delivered orthotopically by intraparenchymal injection to rodents 4 -7 wk after CKD was established by two-step 5/6 renal mass reduction (NX), on the regeneration of kidney function and architecture as assessed by physiological, tissue, and molecular markers. A proof of concept for the model, cell delivery, and systemic effect was demonstrated with a heterogeneous population of renal cells (UNFX) that contained cells from all major compartments of the kidney. Tubular cells are known contributors to kidney regeneration in situ following acute injury. Initially tested as a control, a tubular cellenriched subpopulation of UNFX (B2) surprisingly outperformed UNFX. Two independent studies (3 and 6 mo in duration) with B2 confirmed that B2 significantly extended survival and improved renal filtration (serum creatinine and blood urea nitrogen). The specificity of B2 effects was verified by direct comparison to cell-free vehicle controls and an equivalent dose of non-B2 cells. Quantitative histological evaluation of kidneys at 6 mo after treatment confirmed that B2 treatment reduced severity of kidney tissue pathology. Treatmentassociated reduction of transforming growth factor (TGF)-␤1, plasminogen activator inhibitor (PAI)-1, and fibronectin (FN) provided evidence that B2 cells attenuated canonical pathways of profibrotic extracellular matrix production. regeneration; stabilization CHRONIC KIDNEY DISEASE (CKD) affects more than 19 million people in the U.S. and frequently develops as a consequence of chronic obesity, diabetes, and/or hypertension (42). Patients in stage 4 -5 CKD receive dialysis and a complex drug regimen, and the number of kidneys available for transplant is vastly insufficient to meet the need (30). New treatments that delay or reduce dialysis dependence are needed to fill this void.
Kidney tissue is composed of Ͼ20 specialized cell types structurally organized into morphologically and functionally distinct compartments that act in concert to filter blood, produce urine, and regulate endocrine function and acid-base and electrolyte balance. Cell-cell interactions are critical to kidney function and are at least partially dependent on spatial and architectural relationships. Regenerative approaches to CKD aim to reestablish homeostasis in part through restoration of cellular organization and intercellular communication.
One approach to identifying candidate treatments for regenerating organ function is to select native organ-specific cells that possess relevant bioactivity; however, the therapeutic effect of native renal cells isolated from kidney tissue as primary cultures has not been tested in established progressive models of CKD. In this study, recently published methods for isolating and expanding heterogeneous cultures of primary renal cells (1, 15) were used to establish unfractionated (UNFX) cultures containing cells from all major compartments of the kidney. Methods were adapted to enable postculture production of an enriched epithelial cell subpopulation of UNFX comprising predominantly cells from the tubular and collecting duct systems (B2) and relatively depleted of glomerular, vascular, and erythropoietin-producing cells. Two-step 5/6 nephrectomy (NX) in rats reproducibly generates terminally progressive renal failure with characteristic systemic and histological parameters of CKD [e.g., hypertension, reduced glomerular filtration rate (GFR), elevated serum creatinine (sCREAT) and blood urea nitrogen (BUN), glomerular and tubulointerstitial fibrosis, hyperlipidemia, hyperphosphatemia, and anemia] (3, 17, 26, 29) . The clinically relevant features of the NX model combined with technical reproducibility and commercial availability provided the basis for its selection as the disease model for these studies.
Proof of concept for evaluating in vivo bioactivity (e.g., criteria for treatment initiation, primary in vivo indicators, quantitation of delivered cell persistence) was established with UNFX cells. A 6-mo study with two doses of UNFX was initiated with renal filtration, erythroid homeostasis, and survival as primary indicators. The B2 subfraction was included initially as a less heterogeneous control and surprisingly outperformed UNFX across all primary indicators. The in vivo bioactivity of B2 was confirmed in NX rodents in an independent study, and the specificity of B2 was demonstrated by comparison to both cell-free controls and non-B2 cell controls isolated from the same UNFX preparation. In vitro characteristics and in vivo performance of UNFX and B2 in the rodent CKD model across a spectrum of clinical parameters and potential mechanisms of action for B2's in vivo bioactivity are presented.
MATERIALS AND METHODS

Cell Isolation and Preparation
UNFX cells were prepared from rodent kidneys as described previously (1) . In brief, whole kidneys were harvested from 5-wk-old male Lewis rats (Hilltop Labs, Scottsdale, PA) and dissociated enzymatically in a buffer containing 4.0 U/ml dispase (Stem Cell Technologies, Vancouver, BC, Canada) and 300 U/ml collagenase IV (Worthington Biochemical, Lakewood NJ). Red blood cells (RBCs) and debris were removed from the initial cell suspension by centrifugation through 15% iodixanol (OptiPrep, Axis Shield, Norton, MA). Cells were seeded onto tissue culture-treated polystyrene plates (NUNC, Rochester, NY) and cultured in a 1:1 mixture of high-glucose DMEM and keratinocyte serum-free medium (KSFM) containing 5% (vol/vol) FBS, 2.5 g of EGF, 25 mg of bovine pituitary extract (BPE), 1ϫ insulin-transferrin-sodium selenite medium supplement (ITS), and antibiotic-antimycotic (all from Invitrogen, Carlsbad CA). Where indicated, outer membranes of UNFX cells were labeled with PKH26 (Sigma catalog no. PKH26GL) according to manufacturer protocol. Before postculture cell separation, UNFX primary cultures were transferred from atmospheric oxygen conditions (21%) to a more physiologically relevant low-oxygen (2%) environment for 24 h, which improved cell separation efficiency and enabled greater detection of hypoxia-induced markers. Postculture UNFX cell suspensions, prepared as 75 ϫ 10 6 cells in 2 ml of unsupplemented KSFM (uKSFM) were separated on four-step iodixanol [OptiPrep; 60% (wt/vol) in uKSFM] density gradients layered as 16%, 13%, 11%, and 7% iodixanol in 15-ml conical polypropylene tubes and centrifuged at 800 g for 20 min at room temperature (without brake). Cellular subfractions were collected after centrifugation as four distinct bands (B1-B4) and a pellet (B5) and washed three times in sterile phosphate-buffered saline (PBS) before use. FACS Aria (Becton Dickinson, Franklin Lakes, NJ) was used for cell characterization via immunocytometry, and data were analyzed with FlowJo (Tree Star) software. Antibodies are listed in Table 1 .
mRNA Quantitation
Expression levels of target mRNAs were examined via quantitative real-time PCR (qRT-PCR) using Taqman probes and primer sets (Table 2 ) and an ABI-Prism 7300 Real Time PCR System (Applied Biosystems, Carlsbad, CA). Samples were homogenized with Qia Shredder, and RNA was isolated with RNeasy Plus Mini Kits (Qiagen, Valencia, CA). cDNA was synthesized with the SSIII VILO kit (Invitrogen). Amplification was performed with the TaqMan Gene Expression Master Mix (Applied Biosystems), with Peptidylprolyl isomerase B (Ppib) as an endogenous control.
Detection of Y Chromosome in Kidney Tissue
Frozen sections (10-m thickness) were fixed in 1:1 acetonemethanol for 7 min and denatured in 70% formamide prepared in sodium citrate buffer at 65°C for 5 min. Denatured probes (Rat 12/Y Dual Paint no. 1631, Cambio, Cambridge, UK) were hybridized overnight and washed five times in 50% formamide-2ϫ SSC at 42°C. Labeled sections were preserved and counterstained in a 1:10 mixture of Fluorsave (EMD Chemicals, Gibbstown, NJ) and Vecto/DAPI (Vector Labs, Burlingame, CA) and visualized via fluorescent microscopy. Inclusion of the chromosome 12 probe (FITC, green) allowed distinction between binding of the Y probe to the Y chromosome (Cy3, red) and binding of the Y probe to homologous regions of the chromosome 12 short arm and centromere (Y red ϩ 12 green ϭ yellow/orange).
Sex-Determining Region Y Gene Detection
Primer Express 3.0 software was used to design custom primers for Sex-determining region Y (SRY) AAGCGCCCCATGAATGC (forward), AGCCAACTTGCGCCTCTCT (reverse), and TTTATGGT- 
FACS, fluorescence-activated cell sorting; IF, immunofluorescence; IB, immunoblotting; PECAM, platelet endothelial cell adhesion molecule; GGT1, ␥-glutamyl transpeptidase 1; PAI-1, plasminogen activator inhibitor-1; FN, fibronectin; HRP, horseradish peroxidase.
Table 2. RT-PCR probes
Gene
Taqman Assay
GTGGTCCCGTG-MGB (probe). Genomic DNA was isolated with the DNeasy Blood and Tissue kit (Qiagen) for PCR amplification. Data were evaluated with Applied Biosystems Relative Quantitation (RQ) software.
Western Blotting
Tissues were lysed in buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP-40, and protease inhibitor (Roche). Twentymicrogram protein samples were electrophoresed through 10% PAGE gel with 1ϫ MES running buffer (Invitrogen) and transferred to nitrocellulose membrane with an iBLOT Dry Blotting System (Invitrogen). Membranes were blocked with 5% low-fat milk dissolved in TBST (20 mM Tris·HCl pH 7.5, 150 mM NaCl, 0.1% Tween) for 1 h, probed with primary antibody (Table 1 ) diluted in blocking buffer overnight at 4°C and the appropriate secondary antibody (Table 1 ) for 1 h, and then developed with the ECL Advance Western Blot Detection Kit (Thermo Scientific).
Functional Assays
␥-Glutamyl transpeptidase activity. An assay for ␥-glutamyl transpeptidase (GGT)1 activity was adapted from a previously published method (40) in which nitroaniline produced by GGT1 activity is proportional to absorbance at 405 nm (A 405). One hundred thousand cells were incubated with 2.5 mM L-glutamic acid ␥-p-nitroanilide (Sigma) in Tris·HCl pH 8.6 containing 150 mM NaCl and 50 mM glycylglycine (200 l) for 1 h at room temperature. A 405 readings were corrected with reagent blank, and LLC-PK1 cells (American Type Culture Collection) served as the positive control.
Albumin uptake. These procedures were adapted from published methods (4, 46) . Culture medium of cells grown to confluence in 24-well collagen IV plates (BD Biocoat) was replaced for 18 -24 h with phenol red-free, serum-free, low-glucose DMEM (prϪ/sϪ/lg DMEM) containing 1ϫ antimycotic-antibiotic and 2 mM glutamine. Immediately before assay, cells were washed and incubated for 30 min with prϪ/sϪ/lg DMEM with (in mM) 10 HEPES, 2 glutamine, 1.8 CaCl 2, and 1 MgCl2. Cells were exposed to 25 g/ml rhodamineconjugated bovine albumin (Invitrogen) for 30 min, washed with ice-cold PBS to stop endocytosis, and fixed immediately with 2% paraformaldehyde containing 25 g/ml Hoechst nuclear dye. For inhibition experiments, 1 M receptor-associated protein (RAP) (Ray Biotech, Norcross, GA) was added 10 min before albumin addition (46) . Microscopic imaging and analysis were performed with a BD Pathway 855 High-Content BioImager (Becton Dickinson). , where all animal studies were conducted. Rats were anesthetized, and remnant kidneys were exposed via ventral medial-lateral incision. Cells were suspended in 100-l sterile PBS, loaded into a 1-ml syringe fitted with a ½-in. 23-gauge needle (Becton Dickinson), and delivered directly to the kidney through the apical cortex at a depth of ϳ3-5 mm (for diagram of injection site, see Fig. 6A ). In studies A and B, cells were delivered to rats 6 -12 h after cell harvest (see Fig. 3C for treatment groups and dose administration in studies A and B). In study B=, the following treatment groups were appended: 1) additional B2 rats (n ϭ 5) delivered at 5 ϫ 10 6 , generated from an independent preparation of UNFX; 2) non-B2 cells (n ϭ 5), delivered at 5 ϫ 10 6 , isolated from the same UNFX preparation, with the non-B2 cell mixture generated by combining two of the adjacent bands (B3 and B4) produced by the density-gradient centrifugation protocol; and 3) cell-free vehicle controls (n ϭ 4), comprising injection diluent (sterile PBS). In study B=, all treatments were delivered 18 -24 h after cell harvest to better approximate a feasible clinical scenario (i.e., a time frame compatible with overnight shipment).
CKD Model
In-life analysis. Body weight was recorded weekly. Blood and serum samples were collected biweekly via tail vein or orbital bleed. Serum BUN, sCREAT, hematocrit (Hct), and RBC number were measured weekly by a qualified commercial vendor (Antech Diagnostics). Full clinical chemistry and hematology panels were run at baseline, midpoint, and necropsy and enabled quantification of serum albumin (sALB), A-to-G ratio (A:G), hemoglobin, phosphorous, and calcium as reported. Animals were killed at study end point or when so ordered by the study veterinarian. At necropsy, kidneys were weighed and tissues collected for histology and analysis.
Postnecropsy analyses. Kidneys were bisected longitudinally. One half was serially sectioned (transverse, 10 m) to generate samples for gDNA, RNA, and protein. Sections were collected from cortex through medullary zone and into the renal pelvis. Paraffin-embedded 5-m tissue sections were stained with Masson's trichrome and periodic acid Schiff (PAS) by standard procedures. Evaluation of remnant kidney parenchyma was performed by light microscopy. Tubulointerstitial and glomerular injury indexes were scored with standard semiquantitative grading scales (35, 37) of 0 -4 (examined at a high-power field) and the parameters outlined in Tables 3 and 4 .
Morphometry
Low-and high-power digital images of sections representing both intact and remnant kidney sections were captured from two or three different sites of kidney parenchyma with a Nikon Digital Camera (DS-U1) mounted on a Nikon microscope (Eclipse 50i). Digital images were color-printed on regular 8.5 ϫ 11-in. paper and labeled with section identification (animal no., treatment, site, stain, and magnification). Low-power images were used to assess tubular dilatation, atrophy, glomerular number (count), and corticomedullary distribution, using the arcuate artery and the kidney capsule as two points of reference. Marked changes, Ͼ75% Ͼ12.50 to Յ20.0 
Statistics
One-way analysis of variance (ANOVA) was performed on serum chemistry results from all 10-to 20-wk data ( Fig. 5 ) with JMP version 7.0 from SAS Institute Inc (Cary, NC). Statistical significances were determined by an unpaired t-test with a two-tailed P value with GraphPad Prism software (Figs. 4, 5, [7] [8] [9] .
RESULTS
Proof-of-Concept Pilot Studies
Cell delivery and posttreatment detection. Male UNFX donor cells were detectable within the remnant kidney of the NX female recipient host at 4 wk after implant, as evidenced by visualization of PKH26 dye-labeled cells within the parenchyma adjacent to the injection site (Fig. 1A) . Retention of donor cells at the 3 mo time point was verified in frozen tissue sections by fluorescent in situ hybridization (FISH) with rat Y/12 chromosome probes (Fig. 1B) , confirming the presence of male donor cells in tubular and peritubular regions, predominantly localized within the corticomedullary zone. Finally, detection of the male-specific SRY gene by PCR in serial tissue sections supported the Y-chromosome FISH findings and provided the basis for semiquantitative evaluation of donor cell retention in subsequent studies (Fig. 1C) .
UNFX effects on renal function at 12 wk after treatment. Before treatment, commercially obtained NX rats were characterized by Ն200% increases in sCREAT and BUN and mildly depressed Hct at 9 wk after completion of the two-step 5/6 nephrectomy procedures performed by the vendor compared with age-and sex-matched healthy rats that underwent sham nephrectomy procedures (Sham NX) (Table 5) . Notably, both UNFX-treated rats survived to study completion (12 wk after treatment), whereas none of the three untreated NX control animals survived (mean survival of NX rats was 48 Ϯ 29 days). Consistent with the survival results, systemic parameters of renal function, as measured by serum chemistries of prenecropsy blood samples obtained from UNFX, NX, and Sham NX rats, showed positive effects of UNFX treatment (Table 5) .
B2 is a Tubular Cell-Enriched Subpopulation of UNFX
Although UNFX contains a large proportion of tubular cells, it is a heterogeneous population, harboring cells from all major compartments of the kidney and some undefined cell types. We postulated that the in vitro (1, 15) and in vivo (Table 5 ) bioactivities of UNFX could be contingent on its inherent heterogeneity, so we sought to include a more homogeneous population of tubular cells as a comparative control. UNFX cultures were harvested and subfractionated with discontinuous density gradients. The B2 subpopulation reproducibly sedimented in the 1.045-1.063 g/ml range and represented ϳ50% of the UNFX cell input (52.0% Ϯ 14.4 based on 5 independent preparations).
Population-based protein expression profiles were generated from five independent preparations ( Table 6 ) and indicated that B2, while heterogeneous, was predominantly epithelial and enriched for cells of the tubules and collecting ducts as evidenced by the percentage of cells expressing E-cadherin, cytokeratins 8, 18, and 19 (CK8/18/19), GGT1, and aquaporin 2 (24, 25, 34, 39, 41) , although a small fraction of endothelial cells remained, as evidenced by the percentage of cells expressing platelet endothelial cell adhesion molecule (PECAM) (7) . Relative enrichment (calibrated to UNFX; RQ ϭ 1), for (Table 7) of B2 in parallel with B4, a phenotypically distinct cell subpopulation that reproducibly sedimented at 1.073-1.091 g/ml and represented Ͻ2% of the UNFX cell input (1.4 Ϯ 0.2% based on 5 independent preparations). Three gene targets, E-cadherin, cubilin, and aquaporin 4, were significantly enriched in B2 compared with both UNFX and the B4 population, supporting the tubular/collecting duct nature of the B2 fraction. The expression of Hairy enhancer of split-1 (Hes-1), a gene involved in mediation of Notch signaling with a potential role in tubular proliferation and regeneration (19) , was also enriched in B2 compared with UNFX and B4.
Functional assays confirmed that the observed expression of GGT1 and cubilin resulted in active proteins. Nitroaniline was produced by active GGT1 in B2 cells ( Fig. 2A) , and fluorescently tagged albumin was actively transported into cubilin-positive B2 cells (Fig. 2B) . Specificity of albumin transport was demonstrated by blockage with RAP, a known competitive inhibitor of megalin: cubilin-mediated albumin uptake (46) , and by absence of transport in the nontubular B4 subpopulation (Fig. 2B) .
In Vivo Bioactivity of UNFX and B2 in CKD Rodents
Two iterative studies were conducted to evaluate the efficacy of intrarenal delivery of UNFX and/or B2 cells to remnant Fig. 3 . Study timeline and design. A: timelines for model generation, treatment, and follow-up are presented along with criteria for study entry. B: age-, sex-, and batch-matched NX rats were confirmed to have Ն200% increase in serum creatinine (sCREAT) and Ն150% increase in blood urea nitrogen (BUN) relative to age-and sex-matched nonnephrectomized rats before treatment by serum chemistry in studies A and B. C: treatment groups, distribution of rats, and doses of UNFX and B2 for studies A and B. kidneys of NX rats (Fig. 3) . Treatment was initiated after progressive renal failure was established (persistent Ͼ200% elevation in sCREAT and Ͼ150% elevation in BUN). In study A, the heterogeneous UNFX cell population was delivered at high (10 7 ) and low (10 6 ) doses and compared with a high dose (10 7 ) of B2, untreated NX, and healthy Sham NX rats. Lowdose UNFX had a mild but transient survival benefit at 12 wk, or 90 days (Fig. 4A) , but neither dose of UNFX significantly reduced the severity of disease present in the NX rats (Fig. 4B) . In contrast to UNFX, treatment with B2 extended survival beyond the 90 day time point through study completion at 6 mo, or 180 days (Fig. 4A) , and significantly improved systemic parameters associated with filtration function (sCREAT and BUN), protein handling (sALB and A:G), and general health (body weight) (Fig. 4B) . Mild trends of improvement in erythropoiesis (Hct and hemoglobin) and mineral balance [serum phosphorus (sPHOS)] were also noted with B2 treatment but did not reach statistical significance at the 12 wk time point.
Study B was designed to confirm the in vivo effectiveness of B2 observed in study A in an independent experiment. A more physiologically relevant dose of B2 (5 ϫ 10 6 ) was administered in study B to reduce the volume delivered into the remnant kidneys. B2 treatment in study B resulted in 100% survival (Fig. 4A ) at 12 wk (90 days) and had stabilizing effects on sCREAT and BUN (Fig. 4B) , nearly identical to those observed in study A. In contrast, 0% of NX rats survived 90 days. While trends of improvement were noted in other systemic parameters after B2 treatment in study B (e.g., sALB, sPHOS), statistical significance was not achieved (Fig. 4B) .
Finally, the study B design was modified (study B=) to compare the observed systemic effects of B2 on renal filtration function to cell-free vehicle controls and to treatment with an equivalent dose (5 ϫ 10 6 ) of non-B2 cells derived from the same UNFX starting population after density-gradient separation. At 12 wk after treatment, healthy Sham NX rats and B2 rats exhibited significantly lower sCREAT and BUN values compared with cell-free vehicle controls (Fig. 4C) . While the non-B2 rats trended toward improvement in sCREAT and BUN, they remained statistically undifferentiated from vehicle controls. Consistent with the outcomes observed in studies A and B, the B2 group was characterized by 100% (5/5) survival 12 wk after implant, compared with 60% (3/5) for the non-B2 group and 50% (2/4) for the vehicle group.
B2-Mediated Augmentation of Renal Function in CKD Rodents
Disease progression in NX and B2 rats. Based on the reproducibility of B2 composition and in vivo bioactivity at two doses, remaining analyses focused on comparing B2 to diseased (NX) and healthy (Sham NX) rats. Temporal analysis of sCREAT and BUN from treatment through 6 mo showed that untreated NX rats experienced rapidly progressing kidney disease, reaching average sCREAT values Ͼ2.0 mg/dl and BUN values Ͼ65 mg/dl before death within 16 wk of study initiation. In contrast, B2 rats survived to study end point (24 wk) with significant stabilization of sCREAT and BUN beyond 10 wk of study (Fig. 5) .
Persistence of donor cell DNA at 6 mo after delivery.
Remnant kidneys explanted at 24 wk were assayed to localize and quantify SRYϩ DNA (Fig. 6) . The majority of SRYϩ donor-derived DNA persisted in the cortical/corticomedullary junction (CMJ) zone, at an estimated frequency of 1:33,333 cells. SRYϩ DNA was found less frequently in the medullary zone, and no SRYϩ was detected in the papillary/pelvic zone (Fig. 6C) , suggesting that SRYϩ cells are retained preferentially within the CMJ zone.
B2 effects on kidney tissue architecture. Sections of explanted kidney tissue were analyzed by semiquantitative histology to assess renal mass, glomerular injury, and tubulointerstitial injury (Fig. 7) . NX kidneys were characterized by marked glomerular and tubulointerstitial injury, while B2-treated kidneys showed significantly less injury in comparison (Fig. 7A) . At the time of death, NX remnant kidney weights were ϳ70% of healthy control kidneys, reflecting initial postnephrectomy compensation followed by progressive tissue degeneration. In contrast, remnant kidneys that received B2 were equivalent in mass to single kidneys from healthy Sham NX control rats (Fig. 7B ). There was a strong inverse correlation between renal mass and sCREAT at the time of death [P value of 0.0092 (␣ ϭ 0.05)], suggesting that B2 treatment preserved and/or regenerated functional tissue mass.
High-magnification (ϫ400) microscopy was used to examine major nephron compartments and semiquantitatively calculate glomerular and tubulointerstitial injury scores (Fig. 7, C  and D) . NX kidneys had multifocal to diffuse glomerular hypertrophy with segmental to global glomerular sclerosis, characterized by replacement of glomerular matrix with homogeneous eosinophilic material (protein), moderate mesangial proliferation, multifocal glomerular tuft adhesions, and focal glomerular atrophy. NX kidneys also exhibited mild to moderate tubulointerstitial fibrosis with multifocal inflammation. Multifocal tubular hypertrophy and hyperplasia existed predominantly in proximal tubules, and diffuse tubular dilatation affected both proximal and distal tubules. Most dilated tubules showed attenuated epithelium and thickened basement membrane, with many tubules containing hyaline casts indicating intraluminal protein accumulation. Kidneys from B2-treated rats had proportionally more healthy glomeruli, tubules, and nephron structures; minimal glomerular sclerosis; a decrease in tubular dilatation and hyaline casts; and a decrease in tubulointerstitial fibrosis (Fig. 7, A, C, and D) . Although B2-treated rats had occasional foci of injured renal tissue evident within the parenchyma, the predominant morphology was consistent with that of Sham NX kidneys.
Histological evaluation of bone marrow and bone. Trends in erythropoietic functions associated with the NX model and B2 treatment, paired with the trends indicating reduced phosphatemia with B2 treatment at the 12 wk time point, prompted examination of the bone and bone marrow at the study end point (B2) or time of death (NX) (Fig. 8) . NX bone marrow had reduced overall cellularity with a paucity of RBCs and increased myeloid-to-erythroid ratio. NX bone tissue had moderate resorption characterized by scalloping of endosteal surfaces with prevalent osteoclasts and the formation of lacunae, as well as thinning of the cortical and trabecular bone indicative of osteopenia. In contrast, B2 bone marrow had more free RBCs, homeostatic myeloid-to-erythroid ratios, and absence of histological evidence of bone resorption. Overall, the bone and bone marrow of B2-treated rats approximated those of Sham NX (Fig. 8A) .
Analysis of terminal serum phosphorus and calcium in Sham NX, B2, and NX rats corroborated histological findings. NX animals were hyperphosphatemic, consistent with osteodystrophy seen in end-stage renal disease (32) . B2 treatment significantly reduced phosphorus levels relative to untreated NX animals (Fig. 8B) , consistent with the histological findings in bone and bone marrow.
B2 Treatment Results in Modulation of Renal Fibrosis Pathways
Fibrosis represents a final common pathway of degeneration associated with CKD progression. A hallmark of fibrosis is the upregulation of profibrotic modulators such as transforming growth factor (TGF)-␤1 (43) and plasminogen activator inhibitor (PAI)-1 (23), culminating in deposition of extracellular matrix (ECM) molecules such as fibronectin (FN) (14) in the interstitial spaces of glomeruli and tubules. On the basis of the histological observation that fibrotic changes associated with CKD progression in NX kidneys were abrogated in rats treated with B2, quantitative molecular analyses were conducted on B2-treated kidneys at the 3 and 6 mo time points and compared with study-matched diseased (NX) and healthy (Sham NX) controls. Quantitative analysis of gene expression for PAI-1, FN, and TGF-␤1 provided evidence that the reduction in fibrotic change with B2 treatment was accompanied by clear attenuation of TGF-␤1 expression (Fig. 9B) . Consistent with gene expression, Western blot analysis demonstrated significant and progressive upregulation of PAI-1 in the NX kidneys and clear attenuation of PAI-1 expression in B2-treated kidneys (Fig. 9A ). Significant reduction in FN production was also noted in B2-treated kidneys at the 6 mo time point (Fig. 9A) . Taken together, these results suggest that B2 may impact fibrosis by modulation of pathways that affect ECM degradation (i.e., PAI-1) or deposition (i.e., TGF-␤1) (Fig. 9C) . Further studies are required to determine the details of this mechanism.
DISCUSSION
The goals of these iterative studies were to evaluate the therapeutic potential of a population of primary renal cells and to identify components of the population that were both therapeutically sufficient and technically reproducible. Intrarenal transplantation of unfractionated mixtures of renal cells (UNFX), containing tubular, glomerular, and endocrine components (1, 15) , as well as other renal cell types, demonstrated partial efficacy in stabilizing renal function up to 3 mo after treatment, but the in vivo response to UNFX was inconsistent across most parameters, most notably survival, with only 4 of 15 UNFX-treated rats characterized by extended survival compared with the matched NX groups in their respective studies. In contrast, the enriched population of tubular cells (B2) provided consistent stabilization of renal filtration function, as evidenced by significantly lower sCREAT and BUN compared with matched NX controls. Surprisingly, the survival benefit associated with B2 treatment was far superior to UNFX, with 12 of 12 rats surviving 3 mo after treatment and 3 of 3 surviving to the study end point of 6 mo. Qualitative and quantitative histopathological assessment provided clear confirmation of systemic effects at the tissue level, with B2 treatment leading to significant reductions in both glomerular and tubulointerstitial injury.
Before initiation of studies A and B, work was completed to examine the suitability of the two-step 5/6 nephrectomy as a terminally progressive model of renal failure. As indicated by published literature (26), we found that a two-step 5/6 surgical reduction in renal mass provided a reproducible reduction in filtration and progressive uremia, as evidenced by consistent Ͼ200% increases in sCREAT and BUN within 4 -7 wk of model generation. Importantly, among the 15 NX rats utilized in these studies (proof of concept, study A, and study B), there was no spontaneous recovery or nonprogressive stabilization-100% of the NX rats had progressive elevations in sCREAT and BUN from the time of model generation until the time of death. Additional preliminary work demonstrated that cultured renal cells (UNFX) could be injected into the remnant kidney parenchyma after onset of overt disease, via cortical access at a depth approximating the corticomedullary junction. Cellular distribution and persistence of male UNFX cells, labeled before implantation with a red fluorescent membrane-intercalating dye (PKH26), was examined 4 wk after implantation, and the cells were found to be moderately distributed throughout the remnant kidney, with greater cell presence proximal to the injection site. Close examination of B2-treated remnant kidney sections probed for Y chromosome via FISH revealed that Yϩ donor cells persisted for at least 3 mo after implant and were localized in general to the tubular and peritubular space in the corticomedullary zone. PCR-based detection of SRY, a Y chromosome-localized gene that has been used to assess chimerism in transplantation studies (16) , confirmed retention of donor cell-derived male DNA in the female recipient tissue and provided support for quantitative adaptation of SRY detection for subsequent studies. However, neither membrane dye nor SRY detection elucidates the mechanisms of retention (e.g., individual incorporated cells or fusion products with host cells).
Because the kidney is a complex organ comprised of Ͼ20 cell types (33), we initially postulated that a complex mixture of cell types (i.e., UNFX) would be required to achieve therapeutically relevant regeneration of a diseased kidney. Numerous studies on regeneration of renal architecture and function following acute kidney injury point to tubular epithelial cells as playing a key role in restoring function (10, 21) ; we therefore sought to compare a population of renal epithelial cells that were predominantly tubular and relatively depleted of other cell types (vascular, glomerular, endocrine, and undefined cell types) to the more heterogeneous UNFX mixture. Tubular cells can be separated from other kidney cell types on the basis of differential buoyant density (20); thus we adapted and optimized density-gradient centrifugation methods for postculture population fractionation of UNFX. The predominant population of tubular cells reproducibly separated from the remaining cells as a well-defined band (B2) with buoyant density between 1.045 and 1.063 g/ml and was tested initially as an epithelial cell-enriched control comprised of tubular and some aquaporin 2-positive collecting duct cells (Table 6 ). The in vivo performance of B2 compared with UNFX was somewhat unexpected but can be aligned with the aforementioned capacity of the tubular cell compartment to participate in the regenerative response after injury (10, 21) . The UNFX population contains an ample number of tubular cells; however, it also contains large cells of the collecting duct system, glomerular cells, vascular cells, endocrine cells, and other undefined cell types. When this is paired with the observation that a low dose of UNFX provided an outcome superior to a high dose of UNFX, it is not unreasonable to postulate that the superior performance of B2 compared with UNFX may be due in part to the absence of specific cellular components. This hypothesis is also supported by the observed heterogeneity in response to UNFX treatment (Table 5 and Fig. 4 ). Other fractional components of UNFX, when tested at a dose equivalent to B2 (non-B2 in study B=), failed to provide the systemic and survival benefits of B2, suggesting that specific cellular components of B2 are required to achieve a therapeutic outcome in this model of CKD. However, this observation does not preclude the possibility that non-B2 components of UNFX could act synergistically with B2 to achieve a regenerative outcome.
It is of importance to note that nonembryonic kidney-derived parenchymal cells have not been evaluated previously for therapeutic efficacy in chronic, progressive models of renal failure. It is also important to distinguish that the B2 population provided clear and consistent therapeutic benefit in both the initial study (study A) and the follow-on studies (studies B and B=), even though treatment was delivered only after a consistent Ͼ200% elevation in sCREAT and BUN was achieved in the model. The employment of "enrollment criteria" in these studies and intervention only after a chronic disease state was established are key distinctions from studies of cell-based treatments for acute renal injury, where cells are often delivered at the same time of insult or immediately thereafter (22, 27) .
The most consistently altered systemic parameters across the studies were sCREAT and BUN, both of which climbed to Ͼ200% of baseline before treatment and, in untreated NX rats, continued to climb until death. Treatment with B2 consistently and significantly improved survival and stabilized key biomarkers of renal filtration function-sCREAT and BUN (Figs. 4,  5) . Studies of acute renal failure have provided evidence that regeneration and repair within the tubular compartment can impact physiological parameters throughout the kidney (13), which can be driven by mechanisms such as tubuloglomerular feedback (38) or paracrine actions (13) .
Other functional parameters showed biological trends but did not consistently achieve statistical significance; these included parameters that assess protein handling by the nephron (sALB and A:G), parameters indicating erythropoietic function (hemoglobin and Hct), whole organism level indicators (weight gain), and indicators of calcitriol-and parathyroid hormone (PTH)-mediated mineral homeostasis (serum calcium and phosphorus). Interestingly, as highlighted in Fig. 8B , the trend toward reduced phosphatemia observed 3 mo after treatment (Fig. 4B ) was significant (P ϭ 0.05) at the 6 mo time point (Fig. 8B) , with sPHOS levels in B2-treated rats equivalent to those in healthy Sham NX rats, likely reflecting improvements in GFR and potentially involving production of active vitamin D by the kidney to facilitate the proper absorption of calcium and phosphorus (12) . The absence of bone erosion and osteoclastic lesions in the femoral bone of B2-treated rats relative to NX rats supports the systemic observation that phosphatemia is attenuated with treatment. Additional analyses are Compared with healthy Sham NX, the bone marrow of NX rats had a paucity of red blood cells and an increased myeloid-to-erythroid ratio, as well as scalloping of endosteal surfaces with prevalent osteoclasts, formation of lacunae, and thinning of the cortical and trabecular bone. The marrow and bone tissue of B2-treated rats approximated that of healthy Sham NX rats. B: serum phosphorus and calcium levels from prenecropsy blood draws (24 wk on study). NX rats were hyperphosphatemic, yet B2 rats had phosphorus levels within the range of those seen in Sham NX rats (P Ͼ 0.05) and significantly lower than NX rats (P ϭ 0.05) with exclusion of one outlier value in the NX group (serum phosphorous ϭ 24.3 mg/dl; Ͼ 2 standard deviations from the mean). Calcium homeostasis was maintained in all treatment groups. required to evaluate the effects of B2 treatment on mediators of calcium/phosphorus homeostasis. (e.g., renal vitamin D-24-hydroxylase, calcitriol, and PTH) and elucidate the mechanism(s) involved.
Histological findings in the remnant kidneys corroborated the systemic results, demonstrating that B2-treated rats had significantly lower glomerular injury and tubulointerstitial injury scores than NX rats. Glomerular and tubulointerstitial fibrosis were clearly attenuated with B2 treatment, an affect that was apparent and measurable a full 6 mo after treatment-3 mo beyond the time that the untreated NX rats died. Also notable in B2-treated remnant kidneys was the significant reduction in intraluminal protein casts, suggesting a treatmentinduced improvement in protein handling by the nephron. Systemic data showing significant improvements in serum protein and A:G in Fig. 4B support the conclusion that treatment with B2 improves protein handling, by reducing leakage of protein into the glomerular filtrate and/or enhancing protein resorption along the tubules.
Progressive fibrosis is a hallmark of CKD and is a clear feature of the 5/6 NX model. The accumulation of fibrotic ECM proteins, which include FN and type I collagen, has long been associated with persistent expression of TGF-␤1 by injured or distressed cells (2) . Additionally, the inhibition of plasmin-dependent proteolysis of ECM proteins, through the increased expression of PAI-1, can further promote the development of fibrotic lesions (8) . Recently, it has been shown that TGF-␤1 and PAI-1 participate in a positive feedback loop that, when left unchecked, can lead to the cumulative effects of increased ECM deposition and insufficient ECM degradation (36) . Molecular analyses of kidney tissue at the time of necropsy (3 and 6 mo after treatment) show clearly that treatment with B2 attenuated expression of TGF-␤1, PAI-1, and FN (Fig.  9) . While it is still uncertain whether this effect is through direct or indirect mechanisms, it is tempting to speculate that B2 cells are communicating to host cells through paracrine factors. This hypothesis is supported, in part, by the observation that the reduction in profibrotic markers is maintained even 6 mo after implantation, despite the relatively low number of donor cells as detected by SRY in those same tissues. Further studies are being conducted to identify key factors that may account for the antifibrotic properties of implanted B2 cells.
The data presented here show clearly that B2 stimulates regeneration in the remnant kidney, stabilizes renal function, and enhances survival, with the effects being more pronounced and more durable than has been reported with other cell-based approaches to the treatment of kidney disease (6, 9, 18, 45) , the majority of which have focused on the treatment of acute renal failure. Of the limited studies that examined cell-based interventions in chronic disease models, none has tracked as wide a range of systemic parameters and histology as the studies described here or demonstrated 6-mo durability of effect (5, 31, 44) . The mechanism(s) by which B2 functions in this model is likely to consist of a complex combination of direct effects (cell-mediated functions) and indirect effects (paracrine functions). Compartment-specific assessment of cellular engraftment and delineation between direct and indirect effects will require follow-up lineage-tracing studies that enable implanted B2 cells to be reliably identified and phenotyped. In these initial studies, we have taken advantage of the syngeneic Lewis model to deliver male cells (carrying SRY on the Y chromosome) to female hosts, enabling quantitative detection of the ratio of male to female DNA by quantitative PCR. As highlighted in Fig. 6 , longitudinal serial sections were made through the kidney, and the relative presence of SRY was assessed in the CMJ zone, the medullary zone, and the renal pelvis zone, with the CMJ zone showing the greatest retention of male cells at the 6 mo time point, estimated to be 1:33,333 cells. These results provide evidence against clonal expansion of implanted cells, which has been noted in cell-based approaches to genetic models of kidney damage (11) . The data suggest instead that a relatively small number of B2 cells can stimulate a regenerative process that sustainably alters the disease process at the tissue level.
These studies have demonstrated that regenerative therapies for CKD can be comparatively evaluated in vivo for efficacy and durability with the NX model. B2 exhibited the potential for long-term protection and restoration of cellular and tissue function associated with the major renal compartments: tubules and glomeruli. Collectively, these data indicate that renal cell subpopulations having specific in vitro functional attributes can restore homeostatic tissue architecture and prevent or delay progression of CKD. The strategy of treating NX rats after sCREAT had doubled was analogous to treating a CKD patient after a progressive disease state is established but before renal failure has progressed to end-stage disease, requiring dialysis or whole organ transplantation. These results provide proof of concept that interventional regenerative strategies could slow progression of CKD, thereby delaying the need for dialysis or reducing the frequency of dialysis required in CKD patients. Further translation of these therapeutic concepts will require assessment of efficacy in the context of comorbid diseases, such as diabetes and hypertension.
